Horse breeders rely heavily on pedigrees for identification of ancestry in breeding stock. Inaccurate pedigrees may erroneously assign individuals to false lineages or breed memberships resulting in wrong estimates of inbreeding and coancestry. Moreover, discrepancies in pedigree records can lead breeders seeking to limit inbreeding into making misguided breeding decisions. Genome-wide SNPs provide a quantitative tool to aid in the resolution of lineage assignments and the calculation of genomic measures of relatedness. The aim of this project was to pilot a comparison between pedigree and genomic relatedness and inbreeding measures in a herd of 36 pedigreed Egyptian Arabian horses genotyped using the Equine SNP70 platform (Geneseek, Inc.). Moreover, we sought to estimate the minimum number of markers sufficient for genomic inbreeding calculations. Pedigree inbreeding values were moderately correlated with genomic inbreeding values (r = 0.406), whereas genomic relationships and pedigree relationships have a high correlation (r = 0.77). Although first degree relationships were successfully reconstructed, more distant relationships were difficult to resolve. Multi-dimensional scaling and clustering analysis agreed with within-herd pedigree information. In comparing the herd to a reference sample of United States, Polish, and Egyptian Arabian horses, the herd's historically recorded Egyptian lineage was successfully recovered. We conclude that genomic estimates of inbreeding and relationships are superior to their pedigree counterparts. They can be thus utilized in conservation of valuable lines of livestock, and in breeds at risk for loss of genomic diversity. We also postulate a minimum of 2000 markers in linkage equilibrium to be used for inbreeding estimation.
horse breeds (Cervantes et al. 2009 ). Yet, in recent history, stringent selective breeding within the Arabian horse, in addition to reduction in effective population size, may result in a loss of heterozygosity within the breed and inbreeding depression. Arabian horses tend to have relatively high inbreeding levels (Pirault et al. 2013 ) which may be the result of the intentional mating of relatives within the breed to maintain certain characteristics or to maintain a focus on a particular bloodline (Moureaux et al. 1996) . In Arabian horses, inbreeding has resulted in elevation of the incidence of recessive genetic disorders such as Lavender foal syndrome (Brooks et al. 2010 ) and severe combined immunodeficiency (Wiler et al. 1995) . Presently, horse breeders can utilize commercially available single-locus tests for a number of genetic disorders to make informed breeding decisions. However, the need for precise quantification of inbreeding and coancestry is imperative for maintenance of genetic diversity and avoidance of yet undiscovered recessive conditions. Moreover, high inbreeding levels can result in a reduced fitness of the population as a whole.
Incomplete or erroneous pedigrees may lead to inaccurate estimates of inbreeding coefficients (Mucha and Windig 2009) . Furthermore, the reliability of inbreeding estimates from pedigrees depends largely on its depth (Lutaaya et al. 1999) . Even in the presence of deep pedigrees, like those available for the Arabian Horse, these estimates could be of a limited value as they converge to one or a few founders as the pedigree depth increases unless the pedigree is truncated at some generation in the past (Speed and Balding 2015) .
In recent years, the availability of equine genome-wide SNP genotyping platforms has provided an alternative to estimate inbreeding and relationships without relying on pedigrees. The platform enables the comparison of genomic inbreeding levels between horse breeds (McCue et al. 2012 ) and the assessment of the extent of inbreeding within a given breed . It also has a remarkable power to discern cryptic relationships between individuals and detect pedigree errors. In this project, we compared pedigree inbreeding and relationship values to their genomic counterparts in a herd of 36 Arabian horses genotyped using the Equine SNP70 (Illumina, Inc., San Diego, CA). In order to choose the best genomic relationship measure, we compared a number of existing methods to the pedigree relationships. We also implemented various clustering and genetic similarity measures in assessing the genetic structure within the herd and between the herd and Arabian horses from a diverse background. Moreover, we estimated the minimum number of markers in linkage equilibrium sufficient for genomic inbreeding calculations.
Materials and Methods

Description of the Herd
The herd is a privately owned herd based in Germany. It provides a suitable test population for this comparison due to the availability of high quality pedigrees and a recent bottleneck event following closure of the herd to outside bloodstock in 1981. The study was based on just 36 animals judiciously selected to represent multiple generations of this herd. Pedigree information was obtained for the 36 horses of the herd from the German National Genetic Evaluation Centre and traced back to 1840, yielding 1130 individuals born between 1840 and 2013. A summary of the herd's pedigree is given in Table 1 .
DNA Extraction and Genotyping
The last 4 generations in the pedigree were represented by 36 Arabian horses chosen for genotyping (Supplementary Figure 1) . DNA was extracted from hair following a modified Puregene protocol ). The DNA samples were then genotyped at Genotyping performed at GeneSeek using the equine SNP 70 Illumina BeadChip (Illumina, Inc.). Additionally, 36 US Arabian, 15 Egyptian Arabian, and 11 Polish Arabian horses were genotyped using SNP 50 Illumina BeadChip (Illumina, Inc.).
Pedigree Completeness
To ensure a fair comparison between the pedigree and genomic inbreeding values, we sought to assess the extent of the pedigree completeness for all the genotyped individuals. Therefore, the pedigree completeness index (PCI) was calculated using 3 generations back using the method proposed by MacCluer et al. (1983) . To eliminate animals with less complete pedigrees, we chose the year 1941 as reasonable truncation point in the pedigree and calculated PCI values for animals born in that year onwards.
Pedigree-Based Inbreeding and Pairwise Relationships
Pedigree-based inbreeding was calculated using the indirect method proposed by Colleau (2002) using the program CFC (Sargolzaei et al. 2006) . Pairwise pedigree relationships based on the additive numerator relationship matrix were also calculated using CFC. We included animals born in the year 1941 and onwards to avoid over estimating pairwise relatedness between individuals.
Genotypes Summary, Filtering, and Genomic Inbreeding Calculation
The Equine SNP70 array produced genotypes for 65 157 markers. As a quality control, markers with a minor allele frequency (MAF) less than 10% were excluded. This reduced the number of markers to 28 133. We also excluded markers with a call rate less than 80% and markers on the sex chromosome from the analysis which reduced the number of markers to 25 666. We further pruned the data by linkage disequilibrium before calculating inbreeding values such that we have a set of markers that is evenly distributed across the genome and in linkage equilibrium. In the pruning process, we randomly discarded one of a pair of markers in a given window of 50 markers (step size 5 markers between windows) if the LD between them was larger than 0.90. After pruning by LD, 7217 markers remained for the analysis. Genomic inbreeding and homozygosity values for each animal were then calculated based on these markers in PLINK (v1.07) (Purcell et al. 2007 ) using the command --het. The percent homozygosity was calculated as the ratio of the observed homozygous markers to the total number of markers.
Estimation of the Minimum Number of Markers Sufficient for Genomic Inbreeding Calculations
We investigated the ability of various sizes of reduced sets of randomly chosen SNPs (n = 500, 1000, 2000, 3000, and 5000) in obtaining genomic inbreeding estimates comparable to those obtained using the full set of markers in linkage equilibrium. We generated 1000 subsamples of each of the 5 sizes by randomly sampling from the original 7217 SNPs in linkage equilibrium using the --thin command in PLINK. The improvement in concordance between the inbreeding values in each sample of a reduced set and the full set in linkage equilibrium as the number of SNPs was increased was measured using the correlation. Additionally, we calculated the mean inbreeding for each sample of the reduced SNP set. Overall means of inbreeding values, their correlations with the full set and corresponding 95% confidence intervals were calculated for the 1000 samples of each set.
Genomic Relationship Measures
We compared the pedigree relationships to the relationship coefficients obtained from the following 4 software packages to the pedigree relationships:
1) The R package GenABEL (Aulchenko et al. 2007 ) was used to obtain kinships measures weighed by the frequency of the alleles using the IBS function. 2) In the program KING (Manichaikul et al. 2010) , we used the Robust estimator assuming a homogeneous population using the option --homo. 3) We used the R package SNPRelate (Zheng et al. 2012) , to obtain the method of moments as well as the maximum likelihood estimated of pairwise relatedness using the snpgdsIBDMoM (essentially equal to PLINK's IBD relationship estimate, i.e., π  ) and snpgdsIBDMLE functions, respectively. 4) Pairwise kinship measures were obtained in GCTA (Yang et al. 2011 ) using the command --make-grm.
Pairwise IBS, Genetic Distance, and Genetic Background Analysis
In PLINK, the option --cluster -matrix was used to generate a pairwise identity by state (IBS) matrix of individuals. The --genome command was then used to calculate an IBS distance (Dst) metric which represents the proportion of IBS alleles shared and is defined as follows:
where IBS2 and IBS1 are the number of loci that share 2 or 1 alleles IBS, respectively, and N is the number of loci tested.
We used the IBS distance metric (Dst) to calculate the genetic distance (D) between individuals in pairwise combinations following Ai et al. (2013) , where D was defined as 1 − Dst. Additionally, we performed a multidimensional scaling analysis (MDS) to assess clustering within group (i.e., the herd itself) and for the herd's founders among other Arabian horses using the command --cluster --mds-plot in PLINK.
To further describe relatedness among these horses, we assessed the genetic admixture within the group and for the group's founders among other Arabian horses using the Bayesian clustering algorithm STRUCTURE (Pritchard et al. 2000) . This was carried out using a burn-in period of 10 000 iterations followed by 20 000 iterations. For the choice of the optimal number of putative genetically defined populations, that is, K, 20 structure runs were conducted for each K value from K = 1 to 8. The most likely K was determined using the method of Evanno et al. (2005) which is based on the change in the log probability of data between successive K values.
Results and Discussion
Pedigree Completeness Index
The average PCI by year of birth was consistently above 85% after closing the herd in 1981 (Supplementary Figure 2) . For the genotyped animals, the PCI was 100%. This indicates that, their pedigrees are of a reasonable quality and can be reliably used to compare the inbreeding values derived from them with the genomic measures of inbreeding.
Pedigree Inbreeding, Genomic Inbreeding, and Homozygosity
There was a moderate correlation between pedigree and genomic inbreeding values (r = 0.41, P = 0.014; Figure 1a ). The magnitude of this correlation indicates that pedigree inbreeding and genomic inbreeding do not strongly agree with one another. Some individuals with low genomic inbreeding values had relatively high pedigree inbreeding values. Also, a number of individuals with similar pedigree inbreeding values (e.g., halfsiblings) had very different genomic inbreeding values. Such discrepancies can result from errors in the pedigree itself. However, the discrepancies could also be attributed Mendelian sampling which results in a deviation of inbreeding and relationships estimated using pedigrees from the actual quantities (Hill and Weir 2011) . Pedigree relationships/inbreeding estimates ignore Mendelian sampling unlike their genomic counterparts which rely on actual genome sharing to obtain these estimates. Indeed, these genomic estimates could be improved if the number of markers exceeded 7217 although previous research in pigs showed a 2000 markers were able to reproduce the results of full set of markers (Lopes et al. 2013) . The small herd size of 36 horses could have additionally contributed to a bias in the estimation of the actual allelic frequencies (used in calculating genomic inbreeding values) as these are derived from the genotypes of 36 animals. However, although in an ideal situation allelic frequencies in the base population would be used, in practice obtaining those frequencies is not often possible (Speed and Balding 2015) . In a simulation study in dairy cattle, use of allele frequencies estimated in the base population resulted in improved agreement between pedigree and genomic estimated inbreeding values (VanRaden et al. 2011) . In fact, adjusting for allele frequencies in the base population also made genomic estimated breeding values (GEBVs) more accurate (VanRaden 2008) . Nevertheless, we used the correlation between pedigree and genomic inbreeding values as a straight forward way to check the concordance of these 2 approaches.
The pedigree estimated inbreeding values (F PED ), their corresponding genomic inbreeding values (F SNP ) and percentage of homozygous markers for each individual are shown in Table 2 . The overwhelming majority of the animals had negative genomic inbreeding values with a mean of −0.184 (SD = 0.128). This is possibly the result of the using the current population as the base population to estimate allelic frequencies as mentioned above (Powell et al. 2010) . However, it indicates that for most animals, the observed homozygosity at the individual level is lower than the expected by chance (Purcell et al. 2007 and Powell et al. 2010) . Therefore, the inbreeding value of each animal should be interpreted in the context of the rest of the animals in this herd. The genomic inbreeding value and percentage of homozygous markers were very highly correlated (r = 0.99, P < 2.2e-16). Indeed the genomic inbreeding estimates implemented in the PLINK software rely on the number of homozygous SNPs expected by chance and the number of homozygous SNPs observed (Purcell et al. 2007 ).
Since pedigree-estimated inbreeding values are not equivalent to the true inbreeding values (VanRaden et al. 2011 ), they do not perfectly reflect of the level of homozygosity in the genome. For example horse ID: 42 is predicted based on its pedigree to be among the most inbred individuals in the sample set (F PED = 0.383), yet with just 45.75% homozygous markers, it is below the herd mean homozygosity of 52.33%. On the other hand, horse ID: 58, has an F PED value of 0.321 but a genomic homozygosity value of 60.0%, which is notably higher than that of horse ID: 42. Indeed, full siblings with the same pedigree inbreeding values have different levels of homozygosity. For instance, horse ID: 64, ID: 71, and ID: 65 are full siblings with identical F PED values of 0.291 but their genomic homozygosity varies from 48.02% to 53.47%. Thus, when considering matings for individual animals rather than a population of individuals, genomic values are more accurate in assessing the level of homozygosity across the genome.
In contrast to other livestock species, selection in horses is often applied through mate choice and culling of specific individuals, rather than simultaneously across a group or herd. Individual horses can be of high monetary value, and therefore the benefits of increased accuracy in inbreeding measures through use of genomics may be well worth the added expense. For example, while individuals ID:46 and ID:45 both possess a pedigree estimated inbreeding value of 0.285, individual ID:45 has a much lower genomic inbreeding value. Horse ID:45 is therefore the better choice for breeding stock when working toward a goal of maintaining genetic diversity within the herd.
Correlation of birth year and pedigree-estimated inbreeding levels suggested a moderate trend toward increasing inbreeding in later foal crops (r = 0.402334, P-value 0.01499) (Figure 2) , which was expected given the closure of the herd in 1981. Yet, birth year was not as strongly correlated with either genomic homozygosity (r = 0.223, P = 0.189) nor genomic inbreeding (r = 0.229, P = 0.178). The improved accuracy of genome-based calculations may have highlighted an underlying effect of simultaneous selection for overall health and fitness. A closed herd is expected to lose some genomic diversity over time due to inbreeding, and indeed this trend is apparent in the pedigree derived inbreeding values. The lack of such a trend here is perhaps more reflective of the reality within this particular herd, as the management of this group applies a rigorous scheme to select horses based on desirable health and conformation traits. This selection could be enough to favor individuals with higher heterozygosity, and use of these animals as breeding stock could therefore maintain genomic diversity within the herd.
Estimation of the Minimum Number of Markers Sufficient for Genomic Inbreeding Calculations
We found that decreasing the number of unlinked SNPs did decrease the correlation of genomic inbreeding values with the values obtained using the full set of 7217 SNPs in linkage equilibrium (Figure 3) . The correlations ranged from 0.77 to 0.83 for subsets comprised of 500 to 5000 SNPs (Table 3 ). The true mean inbreeding value of −0.1843 was successfully captured by all reduced sets, although the 95% confidence interval for the correlations was 5 times wider in the smallest set (500 SNPs, CI = 0.00057) than in the largest set (5000 SNPs, CI = 0.000100). However, increasing the number of markers from 2000 to 5000 did not considerably increase the correlation, which improved only by 1% (from 0.82 to 0.83). Therefore, we recommend that sets of at least 2000 markers in linkage equilibrium be used for inbreeding estimation in the Arabian horse and breeds of similar structure. The same number of markers was found sufficient for calculating inbreeding in pigs (Lopes et al. 2013) and is very close to the 2500 SNPs suggested for estimating relationships in beef cattle (Rolf et al. 2010) . However, as other horse breeds and livestock species may possess significantly different haplotype lengths across the genome, this marker depth is likely not universally appropriate.
Although the cost of genotyping by high throughput arrays is falling, utilizing genomic technologies in animal production is still economically challenging for most producers. Therefore, determining the minimum number of unlinked loci required to provide a reasonable estimate of inbreeding and coancestry is important for future development of low-cost genotyping panels.
Evaluation of Genetic Relationship Methods
Pairwise correlations between relationships estimated with various programs and pedigree estimated relationships are shown in Supplementary Figure 4 . The KING program, using the Robust estimator, produced the most concordant (r = 0.77, P < 0.005) pairwise relationship estimates with the pedigree relationship coefficients (Figure 1b) and therefore we decided to use its estimates in further analyses. This correlation was surprisingly low given the number of SNPs used. However, it was still within the range of 0.73 and 0.83 previously reported by Santure et al. (2010) and Lopes et al. (2013) , respectively. It is worth mentioning that the SNPRelate (MOM) ranked the second with a correlation of (r = 0.71, P < 0.005). Although theoretically MLE estimates are more reliable (Zheng et al. 2012) , SNPRelate (MLE) estimate did not perform as well as their MOM counterparts (r = 0.58, P < 0.0005). This may be due a result of the asymptotically unbiased nature of MLE estimates, requiring larger sample sizes to yield more accurate estimates. Since the utility of genomic markers has become more commonplace in management of livestock species, we now have numerous published methods/ software packages for measuring genetic similarity. The choice of measurement method for genomic relationships can therefore be challenging. Thus, here we selected the method producing genomic relationships that correlated best with the pedigreederived relationship. Although we recognize the potential for a better pairwise relatedness measure from SNPs, we chose the concordance with the pedigree as a "gold standard" criterion to compare between methods as previously used in other studies (Santure et al. 2010; Lopes et al. 2013) . Also, the Arabian horse is a well-documented breed, offering the opportunity to take advantage of unusually deep pedigrees with a high PCI for all genotyped animals.
Genetic Structure and Relationships within the Herd
As expected, pairwise genetic distance (D) values (Supplementary  Table 1 ) were inversely correlated with the pedigree relationships (r = −0.75, P < 2.2e-16). This means that the genetic distance between pairs of individuals became less the higher the pedigree relationships between them and vice versa. However, the mean pairwise D value for these animals was only 0.28 (SD =0.036), which is only slightly higher than the within-breed mean of 0.23 (SD = 0.009) observed by McCue et al. (2012) for a random sample of Arabian horses. It is remarkable that the 2 values are this close, given that the animals used in our study belong to the same closed herd. The MDS analysis (Supplementary Figure 3a and 3b) allows consideration of components of variation from across the entire population, rather than only between pairs of animals. Therefore, horses with similar genetic makeup cluster together in multidimensional space. The MDS analysis demonstrates the uniqueness of horse ID: 54 which is clearly separated from the herd. The within herd STRUCTURE analysis showed that the most likely K value is K = 5. A close examination at the pedigree (Supplementary Figure 1) shows that there are 5 influential animals in the pedigree namely (44, 47, 46, 45, and 59) . Therefore, K is very likely reflective of the number of families in the herd. The STRUCTURE analysis (Figure 4a ) supports the MDS analysis on horse ID: 54 and assigns her and her daughters to the same subgroup membership, which is not surprising given her recent addition to the herd. The MDS analysis also confirms the high degree of relatedness of horses ID: 59 and ID: 45 to many members of the herd. STRUCTURE analysis also detected this relationship, depicting ID: 59 and 45 as ancestors in the herd with many individuals sharing their ancestry. The analysis also accurately captured parent-offspring relationships. For example, parent ID: 38 and offspring ID: 39 as well as parents ID: 59 and ID: 64 and their offspring ID: 69 and ID: 70. Each of these methods demonstrates the power and utility of SNPs as a tool for reconstructing unknown, prehistoric, or erroneous pedigree relationships. Relationship measures derived from genomic data are more accurate as they are derived from identity by state sharing of alleles, rather than the probability of sharing by descent predicted from pedigrees (Speed and Balding 2015) . Thus, genotype based methods allow observation of between-sibling variation resulting from Mendelian sampling (Lopes et al. 2013) . On the other hand, pedigree estimates of relatedness assume that founder animals are unrelated (Wang et al. 2014; Speed and Balding 2015) . Yet, this assumption is unrealistic as all individuals are related at some time point in the past (Powell et al. 2010) .
Genetic Similarity of the Herd to Reference Populations
As a whole, this herd of horses is markedly genetically similar to the reference Arabian horse population of Egyptian origin. The founders of this herd are clearly clustered by the MDS analysis within the Egyptian Arabians (Figure 4c ). The extension of this analysis (dimension 2 vs. 3) adds detail, separating horse ID: 54 from the other founder animals of this herd and closer to the other Egyptian and US Arabians. The STRUCTURE analysis comparing the herd to other Arabian horses also supported their reported Egyptian ancestry (Figure 4b ). The herd's grandparents share ancestry with most of the Egyptian Arabian reference individuals (shown in brown). The most likely K value was 3, which is expected since we had Arabian horses belonging to 3 distinct origins (American, Polish, and Egyptian Arabian horses). Differences among the founders are also apparent. Horse ID: 44, for example, possesses a 4% proportion of his ancestry in common with Polish bloodlines (shown in yellow). Also, horse ID: 54 has some 4.2% similarity to the reference US-registered horses (as detected by the MDS analysis, Figure 4c ). The results also showed that an individual identified as Egyptian Arabian had a striking similarity of 99% to US Arabian horses. This finding was also supported by the MDS analysis (Figure 4c) where the horse clusters with US Arabian horses. Given the evidence from all aforementioned analyses, we presume that this may be a result of misidentification of the horse, as such a finding is difficult to explain due to chance alone. Altogether, the 3 types of population genetic analyses illustrate the Egyptian Arabian ancestry of the herd. 
Conclusion
This study highlighted the differences between pedigree and genomic estimated inbreeding and relationship values. Estimates of relatedness within the herd showed key differences between pedigree-inferred relationships and historical records. Additionally, analysis based on genotypes enabled encapsulation of the familial relationships among these animals and demonstrated their Egyptian Arabian ancestry among other subgroups of this breed. Both the MDS and STRUCTURE analysis accurately represented the genetic similarities between relatives, and the genetic background of the herd. Pedigree-derived inbreeding estimates were only moderately correlated with genomic inbreeding values (r = 0.41). However, the correlation between genomic relationships and pedigree relationships was stronger (r = 0.77). Lastly, we suggest that a minimum of 2000 markers in linkage equilibrium be used for inbreeding estimation in the Arabian horse. Altogether, our results illustrate the practical benefits of genome-wide genotyping methods for quantification of inbreeding and inference of relationships in a livestock species, well beyond those described by a pedigree.
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